Abstract: Different complex physiological functions might be restored by means of distributed active implants. Wireless communication between the implants, on the one hand, and an external control unit, on the other hand, is necessary to synchronize electrical stimulation of neural and muscular tissue. Seventeen project partners from industries, universities, healthcare providers and research organizations closely cooperate in the framework of the BMBF Innovation Cluster "Interactive Implants (INTAKT)". The goal of this cluster is to develop and evaluate networks of distributed implants. Challenges of the project include complex interaction between humans and technology, wireless power supply, long-term stability of implants as well as secure and safe signal transmission [1].
Overview
The aim of the innovation cluster is the development, implementation, characterization and preclinical evaluation of a new generation of interacting active implants. The main focus of the development is the creation of a novel kind of human-technology interaction of the end user with his or her implant (see. Fig. 1 ).
Schematic view of the network architecture including different possibilities of human machine interactions
User interfaces permit clinical experts and end users an easy and safe access to medical information. This tool can be used for participative decision-making. The adaptation of the parameters and stimulation modes to the respective needs of the end user allows an optimization and functional enlargement of the implanted systems. It offers the possibility for a personalized, individual patient care by implants. Requirements are the transparent presentation of all necessary information of the state and functionality of the implants including the interfaces to the biological tissue [1] .
The innovation cluster INTAKT is a technological project with the claim to generate universal tools for a large number of medical applications. During the project period, it . is the objective to exemplarily realize and three scenarios and to perform preclinical tests:
(1) the suppression of the tinnitus using electrical stimulation, (2) the gastrointestinal electrical stimulation (3) the restoration of the grasping function of paralyzed hands.
Implementation
Based on acquired signals and the active control by the end user, neural and myogenic structures are synchronously stimulated according to the concrete need or the individual state of an end user. These implant networks contain up to 12 communicating active micro-implants. The self-sufficient micro-implants have real time optical, inductive or radiobased signal transmission. The wireless energy supply contains an intelligent adaptive energy management, including energy buffering. The principles of the data processing of the adaptive systems are on basis of neural networks as well as filter systems. Thereby it allows a synchronous functional stimulation with minimal latency. The intelligence of the system originates from the coupling of internal and external systems on the basis of a safe data exchange. Another advantage compared with conventional implants consists in the fact that the network of micro-implants is not only active at a single spot, but considers the functionality of larger tissue areas and organs. Thereby, pathological changes can interactively be influenced therapeutically at several spots in a physiological manner, and not only at a few locations. In addition, for intuitive control of the grasping function an adaptive eyetracking system is developed.
The compact construction of the micro-implants and their integrated wireless communication technologies avoid any kind of connectors and cables inside the body. This is an essential contribution to the long-time stability of the implanted modules. Wireless energy transfer in conjunction with energy buffering enables a lifelong operation of the implant network.
Challenges

Wireless signal and energy transfer
Cable connections for the transfer of signals and energy between actuators or sensors and the central implant electronics are prone to mechanical failure. High mechanical stress leads to maloperation due to material fatigue and material decomposition.
In addition, the implantation procedure of systems with long cable connections often demands implantable connectors. However, implantable connectors have several disadvantages such as application faults during intraoperative handling, long-term deterioration of the signal quality, bulky connectors, high component costs and mechanical failure.
Revisions of systems with long cable connections represent a severe challenge. In case of infections or excessive fibrotic tissue growth around implant components, the whole system might need to be explanted in a costly surgical intervention.
Adaptive energy supply
The wireless energy supply via an inductive link must react adaptively to different power demands. These arise applicative (e.g., time window with or without stimulation) or because of a deterioration of the transfer behavior of the interface (e.g., movement-induced changes of the coupling between transmitter and receiver coil).
Encapsulation and feedthrough
Electric feedthroughs connect the implant with the surrounding biological tissue. A feedthrough must be biocompatible and must hermetically seal the housing of the active implant. Because implants should remain many years or decades in the human body, long-term stability and robustness are important to guarantee operability.
Possible applications
Suppression of tinnitus
An important area of application of the interactive microimplants is the suppression of tinnitus (see Fig. 2 ). On the round window of both ears a multi electrode array (MEA) is placed for multichannel stimulation. At the same time, microphone potentials are recorded to control the subliminal stimulation. From patient care using hearing implants and hearing aids it is known that the coordinated control offers an advantage for the audiological rehabilitation. From this point of view, the tinnitus suppression can be done in a similar manner using electrical stimulation. The wireless . communication is necessary for the interaction between implants on both sides. The modularity of the implants allows an individual adaptation regarding number, size and shape of the electrodes for signal acquisition and stimulation.
Suppression of tinnitus using interacting implants.
The planned pre-clinical, proof-of-concept investigation aims at showing the Basic feasibility of the principles of this new therapeutical approach.
Gastrointestinal electrical stimulation
The aim is the compensation and therapy of functional deficits and lesions within the digestive tract, in particular of the esophagus, the stomach, the small intestine, the large intestine and rectum as well as the anus (to stimulate, to delay and to coordinate or to synchronize) [2] [3] [4] . Up to 12 small implants distributed in the gastrointestinal tract will coordinate the motility by electric stimulation taking the rest functions into account (see Fig. 3 ). The control of the stimulation is tuned physiologically and occurs sequentially in defined trigger points. This requires the acquisition, analysis and assessment of the intestinal function. At the example of gastrointestinal disturbances of motility, the network of interactive implants will be realized and tested in an animal model.
Restoration of grasping in individuals with paralyzed hands
The aim is the restoration of motor functions of the paralyzed hand after injuries or diseases of the central nervous system (e. g. after spinal cord injury, stroke, traumatic brain injury) by multimodal electrical stimulation. By this, the functional deficits can be partially compensated [5] [6] . The selection of the grasp type and the control of the hand movements are done with the support of an eye-tracking system. Recorded eye movements and blinks are assigned to defined electrical stimulation patterns. This human-machine interaction forms the basis for an intuitive control of the grasping function (see Fig. 4 ).
Gastrointestinal electrical stimulation using interacting implants.
While the human-machine interface is currently tested in humans, the basic feasibility for selective control of different muscles will be shown in animal experiments.
Restoration of grasping function in an individual with a paralyzed hand using an eye-tracking system to control an implanted network of interacting implants
Outlook
Smart active implants, concerning their miniaturization and high functionality, are becoming increasingly important in . future medical applications and will substantially improve the quality of life of future users. The life-long application combined with the possibility for real-time parameter adjustment by the end user her-/himself will generate a new generation of electrotherapeutics.
Before successful commercialization, innovative adaptive systems raise many ethical, legal and social issues, which need to be addressed by e.g., user-centered design processes, and legal reflections.
